A Deform TM -3D analysis was used to illustrate the effect of strain rate on isothermal deformation (forging) of X20CrMoV121 steel. The simulation process was conducted at an isothermal temperature of 850 °C and varying the strain rates of 1.9 s -1 , 2 s -1 and 3 s -1 . The results of temperature, strain and stress distribution at various strain rates were reported. The strain/stress distribution exhibited a heterogeneous distribution, indicating inhomogeneity during hot forging. It was also shown that the deformation inhomogeneity decreased with the increase in the strain rate. The results are comparable to experimental publications, indicating that Deform TM -3D is an effective tool for finite element analysis of hot deformation processes.
Introduction
Forging process is one of the oldest methods for metalworking, which is largely used to achieve a refined and homogeneous microstructure (Equbal et al., 2014) . However, it is not practical to achieve a homogeneous microstructure due to the effects of deformation conditions and parameters (Christiansen et al., 2016) . During open die forging process, the anvil-workpiece friction resulting from shear stresses lead to heat generation, which cause temperature variations in the deformed sample (Zhang et al., 2009) . The change in the forging temperature results in heterogeneous stress and strain distribution which in turn affect the mechanical properties across the deformed sample (Zhang et al., 2009; Evans & Scharning, 2001) . Apart from temperature, other process parameters such as strain rate and punch velocity contribute to the metal flow deformation behavior (Equbal et al., 2014) . For in-depth understanding of the forging process, computer modelling through tools (e.g. Deform TM -3D software) is necessary (Yang & Lin, 2016) . FEM simulations can investigate complex interrelationships among various aspects of forging and material characteristics to reliably predict/study metal flow behavior (Lee et al., 2011; Na et al., 2003) . The present study reports on the relationship between strain rate and deformation characteristics of hot forging of X20CrMoV121 steel using the Deform TM -3D simulation software. X20CrMoV121 belongs to one of the multi-component martensitic steels and evolution of structure during hot working is complex and difficult to establish its hot working regime. The material is widely used in power plant boiler pipes.
Finiate element modeling
The Finite Element Analysis (FEA) is a computational tool used for modelling and simulation of a variety of complex engineering problems. In the metal working industry, Deform TM -3D software is applied to simulate and analyze the metal flow characteristics. Here, computer simulation software (Deform TM -3D version 6.1) was used to study the relationship between strain rate and stress/strain distribution during the deformation of X20CrMoV121 steel. The finite element model of a short cylindrical specimen, upper and lower punch were quickly modelled using the inbuilt DeformTM-3D geometry primitive module. The dimensions of the short cylinder were 10 mm diameter and 15 mm length (which are the same as those used in the physical process in the thermal-mechanical simulators). The meshed and loaded specimens are shown in Fig. 1 . The upper and lower punch were considered rigid structure since negligible plastic deformation was expected. The hot deformation process was undertaken at deformation temperature of 850 °C and at strain rates of 1.9 s -1 , 2 s -1 and 3 s -1 . The simulation parameters used for forging simulation process are shown in Table 1 . Similar conditions were used in our previous study (Obiko et al., 2019) and are summarized in Table 1 . The load-time flow curves for the cylindrical billet taken at 1.05 s during the forging simulation process is shown in Fig. 2 . The deformation load exhibits a proportional relationship with the strain rate (1.9-3.0 s -1 ) at the given temperature (850 °C). This result can be validated by the experimental observations by Zaiemyekeh et al. (2019) in which it was reported that the deformation energy absorbed by the samples during deformation increases with the strain rate. The increase in deformation load with strain rate can be associated with the increase in the deformation energy absorption by the sample during deformation. Fig. 3(a) represents the temperature variation whereas Fig. 3(b) shows the temperature distribution within the sample during the hot forging process at 3 s -1 . In this study, there were no significant differences in temperature distribution among the three strain rates and for all the cases points P2 and P1 on the sample exhibited the highest and lowest temperature values respectively. The deformation temperature measured across the sample as shown in Fig. 3(a) for the four points (P1, P2, P3 and P4) indicated considerable drops in temperatures in three points (P1, P3 and P4). The top and bottom surface (P1) of the interface between the anvil and the billet recorded the highest drop of 220 °C. This was mainly because there was a high-temperature gradient between the two surfaces, hence more heat was rapidly extracted from the billet through the anvil. The chilling effect occurs at this surface (P1) leading to inhomogeneous deformation process (Rasti et al., 2011) . Points P3 and P4 had a temperature drop of 40 °C and 120 °C respectively whereas Point P2 had a slight increase in the deformation temperature. The increase in temperature may be due to the heat generation associated with plastic deformation occurring within this region. Furthermore, the standard deviation histogram (Fig. 3b) shows high variation in the deformation temperature during the forging process. These results are indications of heterogeneity in hot forging process. 3.2. The effect of strain rate on the stress and strain distribution Fig. 4 shows the shape of the billet after deformation and variation of the strain distribution behavior at different strain rates. The histograms (Figs. 4(a) , 4(b) and 4(c)) show that the standard deviation decreased as the strain rate increased from 1.9 to 3 s -1 . This is because at lower strain rate there are higher frictional forces due to a longer contact between the anvil and the workpiece. The frictional forces lead to change in the deformation temperature and impede plastic deformation, thereby causing heterogeneous deformation (Rasti et al., 2011) . The results further indicated that the strain distribution vary across the deformed sample ( Fig. 4(d) ). As shown, higher deformation was experienced at the center of the deformed billet (point P2) at all strain rates. This region experienced an intense shearing of the microstructure leading to severe plastic deformation. Under this condition, refinement of the grain structure may occur due to dynamic recrystallization softening mechanism (Zhang et al., 2009 ). Fig. 5 shows the variation in the stress distribution in the deformed sample under different strain rates. The average effective stress decreased with the increase in the strain rate as shown in the histograms presented in Figs. 5(a)-5(c). This is contrary to the results reported in the literature which show a direct relationship between deformation stress and strain rate (Wang et al., 2015; Yang et al., 2015; Li et al., 2011) . The deviation of the current results with the literature can be due to the friction on the anvil-billet interface, hence stress a correction is required. It was seen that the highest equivalent stress was in the regions which experienced the lower strains ( Fig. 5(d) ). This is because the deformation process at this region occurs at a lower temperature due to the chilling effects. Therefore, a higher deformation load was required to deform the material. It further indicates that higher flow stress due to softening mechanism was observed in this region (Shi, & Liu, 2011) . Fig. 5 . The stress variation on the sample after deformation at (a) 1.9 s -1 (b) 2 s -1 (c) 3 s -1 at a temperature of 850°C (d) the stress distribution at four different points on the deformed sample at strain rate of 3 s -1
Conclusion
From the simulation of the forging process using Deform TM -3D software at 850 °C and varying the strain rate, the following conclusions were drawn:  The temperature distribution during forging simulation of the billet was inhomogeneous. At the anvil-billet contact surface, the temperature decreased rapidly due to the chilling effect. The loadtime flow curves show that the required deformation load capacity increase with the strain rate.  The stress and the strain distribution exhibited an inhomogeneous behavior across the deformed cross-section of the cylindrical billet. The inhomogeneity behavior can be attributed to the change in the deformation temperature and the effect of the friction at the anvil-billet contact surface. High deformation occurred at the mid height of the cylindrical sample (point P2) with the edges recording the lowest strains. The highest stresses occurred in the regions that exhibited the lowest strains. The maximum tensile stress was observed at the edges of the billet which might lead to
